Introduction
Three-dimensional (3-D) imaging of intact brain is indispensable for high-resolution mapping of neuronal networks, which is valuable for understanding brain structural-functional relationships. [1] [2] [3] Except for the widespread histological sectioning methods and emerging automated serial-sectioning and imaging approaches, optical imaging techniques make the 3-D imaging of thick brain tissues possible via optical sectioning with no need of thin slicing, [4] [5] [6] such as confocal microscopy, two-photon microscopy, light-sheet microscopy, and so on. However, the imaging depth of these microscopies suffers from strong light scattering of brain tissues. 1, 7, 8 Tissue optical clearing method has been proposed to address this issue. In the past decade, various clearing methods have been developed to tansparentize large-volume brain tissues, using physical or chemical strategies. These clearing methods can be roughly divided into two categories, including the solvent-based and the aqueous-based clearing methods. The former category includes benzyl alcohol and benzyl benzoate (BABB), 11 3-D imaging of solvent-cleared organs (3DISCO), [12] [13] [14] immunolabeling-enabled three-dimensional imaging of solvent-cleared organs (iDISCO), 15 ultimate DISCO (uDISCO), 16 and so on, usually goes through dehydration, lipid removal and refractive index matching with reagents. [11] [12] [13] [14] [15] [16] The latter category can further be divided into three types: simple immersion, such as see deep brain (SeeDB), 18 SeeDB2, 19 FRUIT (a method based on fructose and urea), 20 Clear T2 (a detergent-and solvent-free clearing method); 21 hyperhydration, such as Scale (an aqueous reagent that renders biological samples transparent), 22 ScaleS (a sorbitol-based Scale), 23 clear, unobstructed brain imaging cocktails and computational analysis (CUBIC), [24] [25] [26] CUBIC based on transcardial perfusion (CB-perfusion); 24, 25 and hydrogel embedding, such as clear lipid-exchanged acrylamide-hybridized rigid imaging/immunostaining/in situ hybridization-compatible tissue-hYdrogel (CLARITY), 27, 28 passive CLARITY technique (PACT), [29] [30] [31] perfusion-assisted agent release in situ (PARS), 29, 30 systemwide control of interaction time and kinetics of chemicals (SWITCH), 32 CLARITY-TDE (2, 2'-thiodiethanol), 33 and so on. These clearing methods have provided essential tools for mapping brain wiring diagrams and greatly promoted the development of neuroscience.
2,3 They were usually developed for certain application scopes and had their own advantages and disadvantages. In practical experiments, it is necessary but difficult to select the best-fit method from numerous methods. Though there are some comparison results in recently published papers, 16, 18, 23 the clearing methods covered are limited and the evaluation indices are lack of uniformity, which makes it rather difficult to make an appropriate selection. Hence, a comprehensive and systematic assessment of various types of optical clearing methods is in great request.
In this work, we chose seven clearing methods, including uDISCO, 3DISCO, SeeDB, ScaleS, CUBIC, Clear T2 , and PACT, [12] [13] [14] 16, 18, 21, [23] [24] [25] [26] [29] [30] [31] and compared their clearing performance from different aspects. First, we evaluated their clearing capability based on the transparency and clearing time for both brain sections and whole brains. We also assessed the size change by calculating the shrinkage or expansion ratio of brain tissues. Then, we quantitatively compared the retention of green fluorescent protein (GFP) and the increase of imaging depth for adult mouse brain tissues. This work can provide a reference for the selection of optical clearing methods in practical applications.
Methods

Preparation of Samples
The animals used in this study include Thy1-GFP-M mice and CX3CR1-GFP mice (9-to 13-week-old). Mice were deeply anesthetized with a mixture of 2% α-chloralose and 10% urethane (8 ml∕kg) through intraperitoneal injection. Then, they were transcardially perfused with 0.01M phosphate-buffered saline (PBS) (Sigma) followed by 4% paraformaldehyde (PFA) (Sigma-Aldrich). The mouse brains were dissected and postfixed overnight in 4% PFA at 4°C. The brains were sliced into 2-mm-thick coronal sections with a vibratome (Leica VT 1000 s). The animal care and experimental protocols were in accordance with the Experimental Animal Management Ordinance of Hubei Province, China and the guidelines from the Huazhong University of Science and Technology and have been approved by the Institutional Animal Ethics Committee of Huazhong University of Science and Technology.
Clearing Protocols
In this work, we selected different kinds of tissue optical clearing methods, including the solvent-based clearing methods, such as 3DISCO and uDISCO, and the aqueous-based clearing methods, such as SeeDB and Clear T2 based on simple immersion, CUBIC and ScaleS based on hyperhydration, and PACT based on hydrogel embedding. All the clearing protocols in this work were performed by referring to the previous literatures. [12] [13] [14] 16, 18, 21, [23] [24] [25] [26] [29] [30] [31] ScaleS and PACT were conducted with slight adjustments as described in the following.
For standard ScaleS protocol, after incubated in ScaleS0 solution, the samples were successively immersed in ScaleS1, ScaleS2, and ScaleS3 solutions. After washing with PBS, samples were finally incubated in ScaleS4. All steps were conducted at 37°C except PBS washing (4°C). Each step took 12 h for 2-mm-thick brain sections and 24 h for whole brains. However, the N-acetyl-L-hydroxyproline, as an ingredient in ScaleS0, must be from Skin Essential Active (Taiwan), was hard to obtain. Considering the N-acetyl-L-hydroxyproline is not the primary ingredient for clearing, we excluded it from ScaleS0 in this work. For rapid ScaleSQ(5) protocol, 2-mm-thick brain sections were incubated in ScaleSQ(5) for 2 h at 37°C and then ScaleS4(0) for 2 h at room temperature with slight shaking. For PACT, the sample-hydrogel solution was degassed with injection syringe by neglecting nitrogen infusion, followed by incubating in 8% SDS solution (prepared with 0.01M PBS) with slight shaking.
Measurement of Light Transmittance
Commercially available spectrophotometer (Lambda 950, PerkinElmer) was used to measure the transmittance of brain sections and whole brains.
Imaging
Digital camera (HDC-HS900GK) was used to acquire the bright-field images of samples. Confocal fluorescence microscopy (LSM710, Zeiss, Germany), equipped with the Fluar 10 × ∕0.5 objective (dry, working distance 2.0 mm) and Plan-Apochromat 20 × ∕0.8 objective (dry, working distance 0.55 mm), was used to acquire the GFP fluorescence images of brain sections. Before and after clearing, the fluorescence images were obtained under the same imaging parameters.
Data Analysis
We used ImageJ software and MATLAB for image processing and quantitative analysis of data. The analysis was derived from the literature. 34 For size change, the samples were outlined and the areas were measured with ImageJ software, and the linear size change was quantified by dividing the area of cleared samples by the area of uncleared samples in PBS and taking the square root of the ratio.
For fluorescence quantification, the mean intensity of fluorescence of same neurons in the cortex of coronal brain sections was measured before clearing (supposed to be "A") and after clearing (supposed to be "B"), and the relative mean intensity of fluorescence was calculated as "B/A." The total intensity of fluorescence was calculated by multiplying the mean intensity of fluorescence by sample area, and the relative total intensity of fluorescence was calculated as similar as mean intensity.
The imaging depth was calculated based on the contrast decay by referring to the literatures. 33, 35 It should be noted that the contrast-to-noise ratio (CNR), 36 as a good representative to measure the depth, was not used because of the inaccurate segmentation due to the small size and specific structure of the objects of interest (i.e., microglia). Here, the imaging contrast was obtained according to Eq. (1). Where I represents the grayscale value for each pixel, I mean indicates the average intensity of the image, and n is the number of total pixels. The imaging depth is determined where the contrast drops to 1/2 of the maximum from where it rises 1/2 of the maximum E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 1 9 8
3 Results
Comparison of Clearing Capability
To compare the clearing capability of various optical clearing methods, we selected seven clearing methods (uDISCO, 3DISCO, SeeDB, ScaleS, CUBIC, Clear T2 , and PACT), and cleared 2-mm-thick Thy1-GFP-M brain sections with these methods, respectively. Figure 1 (a) shows the time of each treatment step of seven clearing protocols. The samples incubated in the clearing solutions were put on the grid paper, and the transmittance images were photographed. The optical transparency of the 2-mm-thick mouse brain slices before and after clearing is shown in Fig. 1(b) . Figure 1 (c) displays the transmittance of brain sections for each clearing method. uDISCO, 3DISCO, CUBIC, and PACT show excellent clearing capability on brain sections, and the organic-solvent based methods (uDISCO and 3DISCO) cost short time with 9 hours to 1 day, whereas CUBIC and PACT take longer time with 3 to 4.5 days. SeeDB and ScaleS show average level of clearing capability on brain sections, and they also take a long time, about 3 days. ScaleSQ(5), as a submethod of ScaleS, is a rapid clearing protocol specific for brain sections. It shows a certain degree of transparency with rather short time (4 h). Though the Clear T2 method costs the shortest time, its clearing capability is the worst. As claimed in the original papers of these methods, uDISCO, 3DISCO, SeeDB, ScaleS, and CUBIC could render whole mouse brain transparent with simple incubation. Here, we cleared the adult whole brains with these five methods and evaluated their clearing capability for large-volume tissues. Figure 2 (a) displays the schedules of the clearing methods for whole brains. Figure 2(b) shows the optical transparency of the brains before and after clearing. Figure 2 (c) displays the transmittance of whole brains for each clearing method. In terms of the whole-brain clearing, uDISCO and 3DISCO show best clearing capability by taking about 4 days. CUBIC takes the second place but requires longest processing time (∼10 days). In addition, uDISCO and 3DISCO can achieve the homogeneous clearing of all brain regions, whereas CUBIC does not demonstrate good clearing effect in the myelinated areas as the other regions. ScaleS demonstrates a weak clearing capability even taking a long time (6 days). While the optical transparency of SeeDB is the weakest though the time it takes is the shortest. 
Size Changes
The size change is another important criterion for evaluating the clearing methods. We calculated the linear changes of 2-mmthick sections cleared by seven optical clearing methods. Figure 3 shows that uDISCO and 3DISCO induce substantial size reduction on mouse brain. They reduce the size of brain sections up to 30% to 35%. CUBIC and Clear T2 slightly shrink the samples (<7%). Whereas, SeeDB and ScaleS have slight expansion effect on samples, they expand the brain sections about 10% to 12%. PACT and ScaleSQ(5) expand the mouse brains by 20% to 30%.
Retention of GFP Fluorescence
The retention of GFP fluorescence is critical for 3-D imaging of tissue structures. We imaged the neurons of adult Thy1-GFP-M mouse brain cortex before and after clearing with different methods, and then calculated the intensity of GFP fluorescence. Figure 4(a) shows the maximum projection of z-stack images (40 to 60 μm) before and after clearing, and Fig. 4(b) shows the relative fluorescence intensity of samples. For relative mean intensity of fluorescence, ScaleS and uDISCO show the best GFP fluorescence intensity, and followed by ScaleSQ(5), Clear T2 , PACT, CUBIC, and SeeDB. While 3DISCO shows the lowest fluorescence intensity. The relative mean intensity of fluorescence is determined by not only the chemical influence of clearing agents but also the physical influence such as tissue shrinkage or expansion. Hence, we also compared the relative total intensity of fluorescence of different methods by taking size change into consideration. The results demonstrate that ScaleSQ (5) and ScaleS preserve the GFP information best, and followed by PACT retaining 70% of the fluorescence. CUBIC, uDISCO, and Clear T2 quench about half the fluorescence (44% to 50%). SeeDB quenches the fluorescence more seriously. 3DISCO induces the biggest decline of the fluorescence. 
Improvement of Imaging Depth
The purpose of optical clearing methods is to improve the imaging depth for imaging deeper structural information. In this study, the imaging depth is calculated based on contrast decay. Figure 5(a) shows the image contrast for 2-mm-thick CX3CR1-GFP brain sections before and after clearing with different methods. Figure 5(b) is the quantitation of imaging depth for different optical clearing methods. For uncleared samples in PBS, the imaging depth are about 40 to 50 μm. After clearing, their imaging depth obviously increase. PACT achieves the deepest imaging depth (∼1200 μm), and followed by CUBIC, 3DISCO, and uDISCO, their imaging depth are >400 μm. The imaging depth of ScaleSQ (5) and ScaleS are about 350 μm. SeeDB and Clear T2 possess the shallowest imaging depth (<200 μm).
Discussion
In this work, we make a systemic comparison of seven clearing methods, including uDISCO, 3DISCO, SeeDB, ScaleS, CUBIC, Clear T2 , and PACT. We evaluated their clearing capability by comparing the transparency and clearing time for both brain sections and whole brains. Then, we did the quantitative comparison of sample deformation by calculating the shrinkage or expansion ratio of brain tissues. We also evaluated the fluorescence retention and the increase of imaging depth. The results are summed up in Table 1 and can provide references for users in choosing suitable brain optical clearing method.
As mentioned above, the clearing methods evaluated in this study include both the solvent-based and aqueous-based protocols. From the results, we can see that the solvent-based clearing protocols, such as 3DISCO and uDISCO, can achieve highest level of brain transparency and substantial sample shrinkage within reasonable time. These are remarkable advantages for imaging large-volume specimens combined with light-sheet microscopy. However, 3DISCO has the major limitation of fast quenching of endogenous fluorescence signal. While uDISCO demonstrates obviously better fluorescence preserving capability and can overcome this problem to be readily used in many biological researches, as described in the original literature. 16 It should be noted that SeeDB, a method based on simple immersion in graded fructose solutions, has limited clearing capability and is only suitable for small samples, just like Clear T2 . It has been claimed that SeeDB can preserve the YFP fluorescence well, and here we found that the GFP fluorescence decreased after SeeDB, as some other studies showed. 16, 18, 37 With the hyperhydration effect of urea, CUBIC and ScaleS achieve obviously higher tissue transparency than SeeDB on brain slices. However, the high concentration of Triton X-100 used in CUBIC resulted in a decrease of GFP fluorescence. ScaleS restricts the use of lipid detergent, so it preserves the GFP fluorescence well. 1, 23, 24 PACT demonstrates an excellent clearing capability for samples; however, due to the use of strong lipid detergent (8% SDS), it induces modest loss of GFP fluorescence. 29, 30 In practical experiments, the clearing effect and fluorescence preserving capability should be both taken into accounts for choosing suitable methods. In addition, the condition of clearing procedures should be adjusted according to specific experimental needs.
It has been stated that the use of a noncorrected air objective introduces severe spherical aberrations, which not only degrades resolution but also reduces the peak value of the point spread function. 38 In adaptive optics, the amount of this reduction is termed "Strehl ratio," and its effect is that objects are usually dimmer when observed through an aberrated instrument. Since the aberration depends on the refractive index of the clearing solution, imaging in different clearing agents leads to different Strehl ratios and thus to different image intensities. For instance, organic solvents have very high refractive indices and therefore introduce stronger aberrations when using an air objective. The poorer "fluorescence performance" of organic solvents might thus have also optical causes, in addition to chemical ones.
In consideration of the differences in size changes, we measured both the relative mean intensity of fluorescence and relative total intensity of fluorescence of neurons for comparison. For shrinkage, the fluorescent proteins in neurons come closer and become denser, whereas for expansion, it is just the reverse. Hence, the relative mean intensity of fluorescence depends on not only the chemical influence of clearing agents but also the physical influence such as tissue shrinkage or expansion. We cannot simply determine the fluorescence decrease as the quenching of fluorescent proteins by neglecting the size changes. It is recommended to measure both parameters to give a comprehensive evaluation of fluorescence signal. standard deviations; n ¼ 6, 3, 3, 3, 3, 3, 3, 3 , and 3 brain sections, respectively).
As light is attenuated inside tissue, the deeper it goes, the lower the signal. Both absorption and scattering would affect the penetration, but only scattering blurs the image. The CNR 36 is a good representative to measure the depth. However, for the images in this study, the CNR keeps the value above 2 and even increases at the deep depth with decrease of both mean signal intensity and noise for some groups, hence the CNR calculation cannot be used for quantification of imaging depth. This might be due to the small size and specific structure of the objects of interest (i.e., microglia), leading to the inaccurate segmentation. So, we used the decay of the image contrast value for evaluation of the imaging depth, which has been used by some researchers in published papers. 33, 35 Though this is not a good representative to measure imaging depth, it is a compromise choice for comparison study of different clearing methods.
In general, the imaging depth is relative to both tissue transparency and fluorescence intensity. Here, we imaged the neurons in brain cortex regions of coronal sections and calculated the imaging depth based on contrast decay of image stacks. The transparency induced by most clearing methods are roughly homogeneous except ScaleSQ(5). The inhomogeneity of transparency in ScaleSQ (5) is supposed to be due to its quick clearing protocol and the differences of tissue components in different brain regions. For example, the myelin-rich middle area is more difficult to clear than the cortex area.
Some features that we have quantified are inherently intertwined in the tissue, such as fluorescence intensity and contrast. Less scattering will result in both higher contrast and higher fluorescence since fluorophores are excited more efficiently and fluorescence light is more efficiently collected. However, the detected fluorescence intensity is not only related to the optical scattering but also the chemical quenching of fluorescence induced by each protocol. Hence, we quantified the fluorescence intensity at the superficial area of brain sections and normalized the contrast of images for comparison.
For some of the clearing methods, such as 3DISCO, uDISCO, and SeeDB, the immunostaining or labeling is usually conducted prior to clearing, which has no effect of increasing chemical permeability due to lack of tissue loosening. While some other clearing methods, such as ScaleS, CUBIC, and PACT, not only reduce the optical scattering but also increase the chemical permeability that provides better labeling for fluorescence imaging. The brain can be immunostained across these three clearing methods with similar penetration rate of conventional antibodies (Table 1) .
It is worth noting that the optical clearing methods mentioned in this paper are limited to fixed samples, thus are not applicable to in vivo imaging and live brain/brain slices imaging. A recent work reported a nontoxic medium, iodixanol, as the tunable refractive index matching in live specimens, 39 but it is challenging to realize imaging in whole brain. While photoacoustic computed tomography has demonstrated the whole-brain imaging without clearing and even in vivo by detecting the light-induced ultrasound, [40] [41] [42] [43] providing powerful tools for both anatomical and functional whole brain imaging.
CLARITY is a good representative of optical clearing method based on hydrogel embedding, and there are many variants of this method, such as PACT, 29 PARS, 29 Bone-CLARITY (a specialized CLARITY protocol for bone tissues), 44 a plantenzyme-assisted CLARITY protocol for plant tissues (PEA-CALRITY), 45 and so on, that have been widely used. It had been mentioned in the literature 29 that CLARITY in its original form used electrophoretic tissue clearing to extract lipids from large samples, which can be challenging to implement and can cause variability in final tissue quality. Hence, we used PACT, a representative hydrogel-embedding method for passive lipid extraction of 1-to 3-mm-thick tissues, for comparison due to its applicability and ease of handling in this work. In addition, the evaluation on some other tissue samples, such as liver, kidney, and so on, needs further research. Except the five parameters used in this work, more evaluation standards such as compatibility with different fluorescent probes deserve to be investigated in the future.
Conclusion
In this study, we made a systematical evaluation for various optical clearing methods, including uDISCO, 3DISCO, SeeDB, ScaleS, CUBIC, Clear T2 , and PACT. The evaluation contains clearing capability, size deformation, clearing speed, fluorescence retention, and imaging depth. For clearing capability and speed, the uDISCO, 3DISCO, CUBIC, and PACT methods possess excellent clearing capability, uDISCO and 3DISCO cost short time, whereas CUBIC and PACT take long time. For size change, the uDISCO and 3DISCO methods have strong shrinkage effect on brain sections, and PACT expands the mouse brain seriously, whereas other methods change the brain size slightly. For fluorescence retention, ScaleS preserves the GFP fluorescence signal best, followed by Clear T2 , PACT, CUBIC, and SeeDB; and 3DISCO quenches almost all the fluorescence. For imaging depth, PACT has the deepest imaging depth, followed by CUBIC, 3DISCO, and uDISCO. The imaging depth of ScaleS is intermediate level. While SeeDB and Clear T2 possess the shallowest imaging depth. This study can provide an important reference for users in selecting suitable optical clearing method in brain samples.
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